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ABSTRACT

We report a rapid, quantitative procedure for the evaluation of the carbonaceous purity of bulk quantities of as-prepared single-walled carbon
nanotube (SWNT) soot by the utilization of solution-phase near-IR spectroscopy. The procedure starts with two steps of homogenization
followed by solution/dispersion spectroscopy of a representative part of the bulk sample. The purity is evaluated against a reference sample
by utilizing the region of the second interband transition (S,,) for semiconducting SWNTs. The procedure is found to be capable of reliably
analyzing the carbonaceous purity of a 10-g batch of SWNTs produced by the electric arc discharge method to within 3%.

Single-walled carbon nanotubes (SWNTSs) are a fascinatingfinding a combination of parameters that minimizes the
material with promising applications in nanoelectronics, field- impurities produced in the process.

emission displays, and nanostructural compositésthe Figure 1a shows an SEM image of a fragment of the AP-
realization of this potential will require a substantial im- S\WNT soot collected from the arc chamber that shows
provement in the purity of the as-prepared (AP) SWNT aimost no trace of impurities. This observation demonstrates
material? All currently known techniques for the production he ability of the EA process to produce SWNTs with a high
of SWNTs generate significant amounts of carbonaceous gegree of perfection when all of the parameters of the process
impurities, such as amorphous carbon and carbon nanoparforyitously match the ideal conditions for SWNT growth.
ticles, often. with metal catalyst enclosed. The current Typically, EA-produced AP-SWNT soot contains a signifi-
quoted purity of AP-SWNTs ranges from 10 to 70% cant amount of impurities, and the average material collected

depending on the method and source of producti®or fom the arc chamber is usually very inhomogeneous, as can
most applications, the AP-SWNTs require a rigorous puri- be seen in Figure 1b.

fication proces$:'% 12 In some cases the purification step is
claimed to produce materials with purity levels above 90%;
typically, this leads to an order of magnitude increase in the
price of the purified material. In addition, most purification
procedures modify the pristine AP-SWNTSs by introducing
chemical functionalities, doping, and defe&ts.2°

The electric arc discharge technique (EA) is a potential

candidate for the large-scale commercial production of L 4 .
SWNTSS Multiple parameters are involved in the operation methods for the quantitative evaluation of the purity of bulk

of the EA process, such as the type of buffer gas and its samples is highly problematic. We estimate that the amount

pressure, the arc discharge current and gap voltage, theOf material that can be seen and analyzed within one SEM

i ) .
electrode preparation procedure and composition, choice ofT&Me (such as those shown in Figure 1) is less thari?10

catalysts, arc chamber geometry, and electrode orientatidn. 9+ 't is virtually impossible to hoznogen_ize a10-g batch of
An important goal of the research in this area is devoted to AP-SWNT soot to the level of 18g, which is what would
be required to make 1 SEM frame or even 10 frames

* Corresponding author. E-mail: haddon@ucr.edu. sufficiently representative to allow definitive conclusions

To reduce the impurities that are formed in the EA process,
it is important to be able to monitor the purity of the AP-
SWNTs as a function of the parameters of the arc process.
This requires a quantitative measure of purity that can be
scaled to evaluate bulk quantities of sample batches of any
size. Although SEM and TEM methods are routinely used
to evaluate the purity of SWNTs (Figure 1), the use of these
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Figure 1. (a) SEM image of a fragment of high-purity AP-SWNT soot collected in the arc chamber that appears to consist almost solely
of SWNTs without any visible traces of impurities. (b) SEM image of typical AP-SWNT soot with clearly observable impurities.

about the purity of the bulk sample to be drawn. Even under 03| APSWNTs
the assumption of representative SEM images, there is no
algorithm that has been described in the literature that allows 02t s
the quantitative evaluation of SWNT purity from SEM 4
images such as those shown in Figure 1.

The impurities in AP-SWNTs may be divided into two
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categories: carbonaceous (amorphous carbon and graphitic 0.0 —+ } |
. . . .\ ANNEALED PURIFIED SWNTs
nanoparticles) and metallic (typically transition-metal cata- /" PURIFIED SWNTS
lysts). Thermogravimetric analysis (TGA) has been success- 015
fully used to analyze the amount of metallic components o010k
quantitatively whereas Raman spectroscopy has been used ’ :
to estimate qualitatively the carbonaceous impurities in AP- 0.05 | -
and purified-SWNT$:10.25-27 4o CARBONBLACK  (a)
& i 0.00 .~ : -
N_ear infrared (NIR) spectrosco_p_y has been estab_hshed as 5000 10000 15000
an important tool for characterizing the electronic band p
structure of SWNT431520.2832 Cyrrent synthetic techniques Wavenumbers (cm")

produce SWNTs with a range of chiralities and diameters, Fi . o
. . . . : igure 2. (a) NIR absorption spectra of thin films of carbon black

and this leads to a mixture of metallic and semiconducting (.7 "surified SWNTSs ¢ -), and purified SWNTS after annealing in
SWNTs!3*#*The semiconducting SWNTSs give rise to a series vacuum at 350C. (b) NIR absorption spectrum of a thin film of
of transitions between the principal mirror spikes in the arandom sample of EA-produced AP-SWNT soot.
electronic density of states (DOS) starting with S 2as/d
and S, = 4aﬂ/d whereas the metallic SWNTs show their 9800, and 13 800 cm Correspond to § and S, interband
first transition at M, = 6a3/d, wherea is the carbor-carbon transitions in the semiconducting SWNTSs, and;Morre-
bond length (nm)g is the transfer integral betweentp  sponds to the interband transition in metallic SWNTs. The
orbitals 3 = ~2.9 eV), andd is SWNT diameter (nm)3*34  wjidth and fine structure of these bands originate from the
These interband transitions produce prominent features indistribution of SWNT diameters and chiralities that are
the NIR spectral range, which can be used to analyze theproduced in the EA. The electronic transition :$ is
SWNT type and diameter distributi#h??and the effects of  suppressed in the purified sample (Figure 2a, dashed line)
doping:31>20:293We now show that solution-phase NIR because of nitric acid doping during the purification proce-
spectroscopy can be used to provide a rapid, quantitativedure2® Annealing of the purified material in vacuum at 350
procedure for the evaluation of the carbonaceous purity of °C for 90 min recovers the full strength of the; Fransition
bulk quantities of as-prepared single-walled carbon nanotube(Figure 2a, solid line}° Figure 2b shows a transmission
(AP-SWNT) soot. spectrum of a sample taken at random from EA-produced

Figure 2a shows a typical absorption spectrum of a film AP-SWNTs material. As expected, the absorption bangs S
of purified-SWNT material produced by the EA technique S, and M in the AP-SWNTSs are less prominent than in
with a Ni/Y catalyst ratio of 4:1 atomic % after purification the purified sample. Also shown in Figure 2a is the
by nitric acid treatment followed by cross-flow filtratiér#® featureless transmission spectrum produced by a film of
The film was prepared by spraying a SWNT dispersion in carbon black, which provides a representation of the spectral
dimethylformamide (DMF) on a glass substrate heated to contribution of the carbonaceous impurities that arise in the
160 °C.2° The characteristic bands centered around 5500, EA production of AP-SWNT soot. The spectrum of the AP-
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SWNTs (Figure 2b) is therefore a superposition of the spectra

of pure SWNTs and carbonaceous impurities (Figure 2a). (a)
Given the availability of a pure SWNT reference sample,

we can suggest a simple algorithm that allows the calculation

of the absolute purity of AP-SWNT soot (Figure 2b) to be
made by separating the contributions of the two components

in Figure 2a. At the present time, a 100% pure reference
sample of SWNTs is not available, so we chose to adopt as

a reference the sample showing the highest purity.

The first candidate for the highest-purity (reference) ma-
terial is the EA-produced SWNTSs purified by the cross-flow
filtration proceduré:3> A NIR spectrum of a thin film of
this material is presented in Figure 2a, and we label this
sample as reference number 1 (R1). As a second candidatt
for the highest-purity SWNT sample, we sought to obtain a
sample directly from the arc chamber without any chemical
processing. For this purpose, we placed a stainless steel wire
grid of cell size 5 cm so that it surrounded the arc discharge (b
area. During operation, the grid initiates the condensation
of significant quantities of the SWNTSs, and an extremely
thin, homogeneous, and semitransparent weblike film is
formed on parts of the grid. Several of the thinnest fragments
of such films were transferred onto a glass substrate and
analyzed by SEM and NIR spectroscopy. Figure 3a shows a
view of one of the films on a glass slide imaged through an
optical microscope. The SEM image of a fragment of this
film (Figure 3b) appears to consist of SWNTs without any
visible traces of impurities. This impurity-free fragment of
soot may be the result of self-filtration during the arc
discharge process. The arrays of SWNTs drift from the
plasma area and become trapped by the grid and the growing
network of SWNTs. The amorphous carbon and nanopar-
ticles propagate ballistically to the walls of the chamber with
a much lower chance of trapping. This is in agreement with
previous findings that the weblike part of the AP-SWNT soot
usually exceeds in quality the part collected from the walls (C)
of the chambe??® Figure 3c shows a NIR absorption 0.20
spectrum taken directly on this film, which is labeled
reference number 2 (R2), together with the spectrum of R1.
It may be seen that the characteristic SWNT transitions S
Sy, and My; are more prominent in R2 than in R1. Thus,
R2 is of higher purity than R1, and in our procedure, we
adopt R2 as the reference material for the evaluation of the
carbonaceous purity of AP-SWNT soot.

NIR transmission spectroscopy of SWNTs has been
reported on thin films and on solution-phase sam-
ples!315.20283234 However, the reproducible preparation of 00— e 1000 15000
the SWNT films is difficult, and the control of film thickness
is not a trivial task. The SWNTSs have a tendency to aggregate
into macrostructures during spraying, and this leads to scat-Figure 3. Semitransparent weblike film of AP-SWNT soot
tering of the incident light and distortion of the spectral fea- transferred from the arc chamber on a glass slide (a) imaged through
tures, especially in the case of high optical densities. As a & optical microscope; (b) SEM image of a fragment of this film;

. . ... _and (c) NIR absorption spectrum of this film (reference sample
result, Cc_)rrectlon_s to the spectral s_hape and _band |ntenS|t|eSR2, solid line) in comparison with the spectrum of purified material
are required® which makes the purity evaluation procedure (reference sample R1, dashed line)
more complicated and less accurate. We found that solution-
phase spectroscopy provided more accurate and reproducible Our procedure begins with a two-step homogenization
data. process, which is required to obtain spectral data that
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estimate that this dispersion corresponds to a concentration
of AP-SWNT soot in DMF of about 0.01 mg/mL; this
concentration was found to give the optimum signal-to-noise
ratio for recording the spectra. At higher concentrations, the
dispersions were less stable, and under these circumstances,
aggregation and light scattering lead to a distortion of the
spectral features.

We chose DMF as a solvent for two reasons: first, it is
capable of dispersing SWNTs with a minimal application
of ultrasound, and second, it has a transmission window in
the spectral range of 756@5 000 cnt?, which allows the
observation of the £ and M interband transitions for the
semiconducting SWNTs. Any of the prominent bandg S
Sy, and My; can be used for the purity evaluation. Thg S
band would provide the most accurate measure of purity
because it has the highest amplitude. However, the S
transition is much less affected by doping during chemical
processing (Figure 2a§;?>%7so the current method is not
susceptible to errors due to chemical processing of SWNTs

represent the average purity of large batches of SWNTSs. Inthat are to be evaluated for purity.
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Figure 4. Absorption spectra of the reference sample R, @nd
two samples of AP-SWNTs of different purity S1 {) and S2
(- -), dispersed in DMF.

the first step, 10 g of AP-SWNT soot is mechanically

Figure 4 illustrates the NIR spectroscopic analysis of three

homogenized until a fine powder is obtained. In the second samples, where R2 is the reference sample and S1 and S2

step, 50 mg of initially homogenized soot is dispersed in
100 mL of DMF by ultrasonication and mechanical stirring

for 5 min. During this step, a homogeneous slurry of the
AP-SWNT soot is obtained. Then, a few drops of the SWNT
slurry were further dissolved in 10 mL of DMF to obtain a

faintly colored nonscattering dispersion after an additional
2 min of ultrasonication. Sonication was minimized to avoid

are bulk samples of different purity provided by Carbon
Solutions, Inc. Figure 4 shows a broad scan of the NIR
spectral region that includes the,Sand M transitions;

strong DMF absorptions at lower energy preclude the
observation of the Stransition in this solvent. Figure 5&

shows the NIR absorption spectra corresponding to the S
band for reference R2 (set to 100% purity; Figure 4a) and

damage to the SWNTs during sample preparation. Thethe samples for which the purity is to be evaluated (S1 and
concentration of the dispersion was adjusted to obtain anS2 in Figure 5b and c, respectively). Figure-Bashows the

optical density in the range of 0.29.2 at 12 000 cmt. We

Sy, absorptions after linear baseline subtraction (upper frame,

0.1
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Figure 5. (a) Absorption spectrum of reference sample R2 in DMF in the range ofzhieat8rband transition before (bottom frame) and

after (top frame) baseline subtraction. The ratio of the areas under the curves in the top and bottomA{i&und?2)/A(T, R2) is equal

to 0.141. (b) Absorption spectrum of AP-SWNT sample S1 in DMF before (bottom frame) and after (top frame) baseline subtraction. The
ratio of the areas under the curves in the top and bottom frafA{8g, S1)A(T, S1) is equal to 0.095. Thus, the carbonaceous purity of
sample S1 is estimated to be 67% (0.095/0.141) against the R2 reference sample. (¢) Absorption spectrum of AP-SWNT sample S2 of
lower purity than S1 in DMF before (bottom frame) and after (top frame) baseline subtraction. The ratio of the areas under the curves in
the top and bottom frame#\(S;,, S2)A(T, S2) is equal to 0.057. Thus, the carbonaceous purity of sample S1 is estimated to be 40%
(0.057/0.141) against the R2 reference sample. The absorption spectra in frames b and c are scaled so that the areas undéBthe peaks
S1) andA(Sz,, S2) match the area under the peak of the reference sakiplg R2) in frame a. Hatched areas correspond to the SWNT
contribution whereas the shaded area in the bottom frames corresponds to the contribution of the carbonaceous impurities.
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scaled to the area &¥(Sy,, R2)). The carbonaceous purity
[P(S1)] of the S1 AP-SWNT sample against R2 is calculated
by integrating the areas under the curves for the spectra in sample 1 2 3 4 5  mean value (SD)
Figure 5b and ¢ and evaluating the expression purity, % 31.8 365 343 364 344  345(+1.8)

Table 1

[A(S,» SA(T, S1)] " (1)  SWNTs. (Reference sample R2 was also taken from this
[A(S,,, R2)IA(T, R2)] batch.) The results are shown in Table 1 and clearly
demonstrate the efficiency and reliability of the procedure

whereA(T, S1) andA(T, R2) are the total areas under the in evaluating the bulk carbonaceous purity of SWNT
spectral curves given in Figure 5b and ¢ a{&, S1)and  Samples.

A(Sz2, R2) are the areas under thg 8bsorptions in Figure In summary, we have presented a practical procedure for
5b and a for S1 and reference R2 Samp|e5, respective|y_the quantitative evaluation of the purlty of bulk quantities
Equation 1 corresponds to the ratio of the hatched area (SW-0f AP-SWNT soot on the basis of NIR spectroscopy. This
NT contribution) to the total area under the spectral curves procedure can be used to monitor the quality of AP-SWNT
in Figure 5a-c. Note thatA(Sz, R2)/A(T, R2) is equal to soot, thus allowing the optimization of the EA parameters.
0.141, the highest value that we have observed so far for anThe method can also be utilized for the evaluation of the
EA-produced AP-SWNT sample dispersed in DMF. For the efficiency of purification techniques, for monitoring the
particular case of the EA synthesis with a Ni/Y catalysts effects of chemical functionalization of the SWNTSs, and also
ratio of 4:1 atomic %, spectral cutoffs of 7750 and 11 750 in identifying the different types of SWNTSs that are present
cm! were chosen for the spectral window for the integration in @ sample’?

of the spectra and the baseline correction. This cutoff is

applicable to the majority of commercially available EA- ~ Acknowledgment. This work was supported by the
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